The nonlinear dynamic behavior of microbolometers, operating at room temperature ͑300 K͒ under conditions of positive electrothermal feedback is investigated. An improved device model, based on the heat balance equation is developed. It takes into account the temperature dependence of the thermophysical parameters, such as thermal coupling coefficient between the sensor and its surroundings, and sensor heat capacity and its thermal resistance coefficient. Operational considerations for thermoresistive microbolometer with positive and negative temperature coefficient of resistance are discussed for both, constant current and constant voltage modes of operation. Analytical expressions are derived for predicting stable and unstable operation. Safety factors L 0 , establishing the biasing conditions for stable device operation are proposed for the positive temperature coefficient of resistance and negative temperature coefficient of resistance type sensors. Limits for fast catastrophic destruction are provided, and the dynamic characteristics of the associated thermal runaway phenomenon is illustrated. This effect, as predicted by analysis and numerical simulation, was observed experimentally, confirming the validity of the proposed modeling approach for the microbolometer.
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I. INTRODUCTION
Recent technological progress in microtechnology has resulted in a significant improvement of microsensor sensitivity. Microstructured thermal radiation sensors, with operation extending into the far infrared region, have attracted considerable technological and economic interest.
Commonly employed far infrared ͑FIR͒ photon detectors, based on the cadmium-mercury-telluride ͑CMT͒ compound semiconductor system, typically reveal a sharp cutoff wavelength at around 12-14 m, depending on composition, beyond which sensor performance rapidly deteriorates. In contrast, thermal or bolometric sensors are spectrally broadband and their optical sensitivity range may extend to wavelengths of nearly 100 m. It is solely defined by the properties of the optical absorber, employed in the design of thermal microsensors.
The performance of cooled microbolometers, operating slightly above the boiling point of liquid nitrogen, now nearly matches that of quantum detectors, 1,2 particularly at wavelengths Ͼ10 m. Uncooled microbolometers, operating at room temperature, as are investigated in this work, typically reveal a reduced performance in the FIR wavelength region, as compared to devices operating at low temperatures. However, the achievable sensitivity D* of state of the art uncooled microbolometers can now be considered to be superior to that of FIR-CMT quantum detectors, when operated at room temperature.
Due to the specific design and structural features of microbolometers, special care is required to establish reliable operation and excessive thermal load should be avoided. So far, there does not exist a full physical understanding, regarding the effects and limitations of thermal loads, imposed by electrical bias of the microbolometer.
Optimization of the thermal budget of the device, in connection with the given electrical bias and operating conditions, thus represents a critical issue. There basically exist four different operating modes for microbolometers. The first mode involves biasing the device with a fixed current through the sensor, with voltage drop across the sensor as an output signal, which is denoted as the constant current mode ͑CCM͒. The second mode consists in biasing the device with a fixed voltage, with the current as an output signal, that is denoted as the constant voltage mode ͑CVM͒. Finally, exists active modes exist where either power or temperature of the sensor is kept constant, using feedback control principles and these modes are referred to as CPM and CTM, respectively. The CPM is not yet used in practical applications whereas CTM has been widely employed.
All these possible operating modes affect bolometric device performance differently. Among other quantities, it involves: the dynamic and frequency ranges, the extent of linear operating region, and sensitivity. Despite some serious drawbacks, historically the CCM operation of bolometric sensors is the common mode of operation and widely employed. Recently, the CVM has attracted technical interest for the cooled transition edge microbolometers. [2] [3] [4] Both, simulation and experimental results have indicated the advantages of constant voltage biasing in terms of frequency response and linear operating range, while only limited changes were found for sensitivity. A further interesting aspect is its compatibility with charge coupled device read out.
The association of a particular biasing mode and the physical properties of the heat sensing element may yield nonlinear microbolometer operating characteristics. It is due to the influence of Joule self-heating and the possible temperature dependence of critical thermophysical quantities as: the temperature coefficient of resistance ͑TCR͒, thermal coupling coefficient of the sensor with its surroundings ͑G͒, and the heat capacity ͑C͒ of the device arrangement. Thus, nonlinear effects are pronounced for transition edge devices, where the TCR varies considerably with temperature. The prominent figures of merit as thermal response time, responsivity, linearity range, and detectivity are crucially affected by the biasing conditions, 2,5 employed for the sensor. In this work, thermoresistive sensor nonlinearities are attributed primarily to Joule self-heating, which causes electrothermal feedback in the sensor operation. The biasing induced change of the resistance of the heat sensing element interferes with the radiation induced resistance variation. As an example, in the presence of incident radiation, for the CVM the dissipation of Joule heat in the thermosensitive element of the microbolometer is J CVM ϯ⌬J CVM ϭV bias 2 /͓R 0 Ϯ⌬R(␤,T s )͔ while for CCM is J CCM Ϯ⌬J CCM ϭI bias 2 ͓R 0 Ϯ⌬R(␤,T s )͔. It is worth observing that the signs of ⌬J terms in the two expressions depend on the sign of the thermal coefficient of resistance ͑␤͒ of the heat sensing material. In case of positive feedback, ⌬J and the external radiation power add up. In case of negative feedback, ⌬J subtracts from incident radiation power and may even cancel each other. This would keep the sensor temperature at the original temperature, even in presence of external radiation. This is attributed to the existence of strong negative electrothermal feedback. Microbolometer performance is very much affected, and considerably differ from one mode of operation to the other.
Mathematically, the dynamic characteristics of thermoresistive sensors are adequately described by the heat balance equation. The traditionally used, first order linear differential equation, neglecting Joule heating, 6 yields a simple exponential solution. However, under certain bias conditions coupled with the use of temperature dependent thermophysical sensor parameters, makes this equation a nonlinear one. Among other features, its solution reveals a singularity.
An important result, implying a pronounced effect on device operation, is the possibility of the loss of stability. Experimentally, it was observed that under certain biasing conditions, the sensor temperature begins to continuously increase, even in the absence of external radiation or heating. In practice, for some electrical bias, instead of reaching a final steady state the sensor temperature keeps varying at an almost constant rate of the order of some mC/s. This is known as thermal drift and under this condition the output data is erroneous.
Eventually, with further increase in the electrical bias, uncontrolled thermal runaway will result in explosive heat up, leading to catastrophic destruction of the device. Hence, commercially available thermoresistive microbolometers need to be equipped with a protective circuit at the bias input terminals, when operated under conditions of positive electrothermal feedback, to avoid destructive electrical biasing conditions.
The direct equivalent electrical R -C analog representation of the microbolometer, fails to describe the aforementioned features of thermoresistive sensors. 6 It should be noted that there are no clear rules available in the open literature that could provide practical usable technical guidelines, regarding the limits of electrical bias of thermoresistive sensors to hold for both, stable operation and to avoid possible catastrophic sensor failure. Table I illustrates the relation between biasing modes and operational characteristics of microbolometers. This table illustrates the conditions for existence of positive electrothermal feedback. It is worth noting that a PTC ͑positive temperature coefficient of resistance͒ sensor operating in the CCM as well as a NTC ͑nega-tive temperature coefficient of resistance͒ sensor operating in the CVM involve positive electrothermal feedback.
In this work, an attempt is made to identify the physical origin of the aforementioned operational characteristics of microblometers. The specific conditions and the biasing limits, required for stable sensor operation, considering tempera- The article is organized as follows: we first illustrate the origin of thermoresistive sensor instability from a mathematical point of view. This is observable from the closed form solution of the heat balance equation, describing the physical operation of an electrically biased thermoresistive sensor. Based on these findings, a refined sensor model is developed, taking into account the specific characteristics of the relevant thermophysical sensor parameters.
Generally, all thermophysical sensor parameters vary with sensor temperature and surrounding conditions of the device under consideration. Commonly, for mathematical simplification, such effects are neglected.
Finally, reliable safety margins are proposed for two types of thermoresistive sensors, operating under conditions of positive electrothermal feedback, where singular conditions can occur.
II. THEORETICAL ASPECTS AND MODEL
As mentioned before, the origin of thermal instability is due to positive electrothermal feedback, resulting from electrical sensor biasing. Under the conditions of negative electrothermal feedback, the effective thermal sensor response time is reduced and its operation is always stable within the maximum ratings. 2 For positive electrothermal feedback, in contrast, response time and sensor temperature may increase to values that exceed the range of practical use.
Two different approaches have been used for simulation. First, the thermal coupling coefficient G and thermal capacity C are treated as fixed values, independent of the sensor temperature. This is a common approach for formal treatment of thermoresistive sensors. 6 Second, in a more realistic approach, the dependence of G and C on the actual sensor temperature is included.
The limitations, resulting from thermal sensor instability, can be analyzed with the help of the heat balance equation. 7 For a thermoresistive sensor, biased with electrical power
, the thermodynamic equilibrium of the sensor can be described by
where ⑀ P is the absorbed radiation power, I b and V b are bias current and voltage, respectively and T a is the heatsink temperature assumed to remain constant.
A. Mathematical analysis and sensor dynamics
As mentioned before, there are four different operating modes for microbolometers. In this work, only the effects related with the CCM and the CVM will be investigated.
Constant current mode
The basic dynamic characteristics of an electrically biased thermoresistive sensor can be illustrated by analyzing the solution of the associated linear heat balance equation, as is briefly outlined later.
The relationship between sensor temperature T s and its resistance, R s , can be approximated by R s ϷR 0 (1ϩ␤T s ), where R 0 is the sensor resistance at 0 C. This expression is accurate for the PTC sensor and reasonably good, over a limited range of temperature, for the NTC sensor. For simplification all, G, C, and heatsink temperature T a are assumed to be constant. This approach allows an analytical solution of Eq. ͑1͒ for CCM operation. The evolution of the T s (t) for a step change in the incident radiation, i.e., ⑀ P(t) ϭ⑀ P 0 , ᭙tϾ0, on a already biased sensor is described by
where CCM ϭC/(GϪI b 2 R 0 ␤). In the earlier equation, when I b 2 ϭG/(␤R 0 ) for positive ␤ ͑PTC͒, the sensor temperature T s (t)→ϱ and CCM →ϱ and at this bias current, thermal runaway would occur as a result of strong positive electrothermal feedback. For negative ␤ ͑NTC͒, there is negative electrothermal feedback and the denominator always remains positive and consequently uncontrolled thermal runaway and catastrophic sensor failure would not occur. In fact the sensor operation is unconditionally stable.
Constant voltage mode
For CVM operation, Eq. ͑1͒ becomes nonlinear and there is no closed form solution available. To overcome this difficulty we make the following approximation:
and Eq. ͑1͒ becomes
In this format, an analytical solution is available. For constant G,C, and heatsink temperature T a , the evolution of the T s (t) for a step change, ⑀ P 0 , in the incident radiation on a already biased sensor is given by
where CVM ϭCR 0 (V b 2 ␤ϩGR 0 ). For NTC sensors ␤ is negative and for a certain value of V b the denominator can vanish, making T s (t)→ϱ, and time constant CVM also becomes infinity. Actually, with an NTC sensor operating in the CVM, there exists positive electrothermal feedback and for V b 2 ϭϪGR 0 /␤ destructive thermal runaway is imminent. For positive ␤ ͑PTC͒, the denominator always remains positive, and the thermal runaway phenom-enon does not occur because there exists negative electrothermal feedback and the sensor operation is unconditionally stable.
B. Steady state
Stable steady-state operation in both modes is achieved if the electrical bias is kept below the critical values, i.e., I b 2 ϭG/(␤R 0 ) and V b 2 ϭϪGR 0 /␤, respectively. However, catastrophic failure occurs for a bias smaller than but close to these critical values, if the sensor temperature exceeds the melting point of the sensor material.
Furthermore, the steady-state sensor temperature sensitivity as derived from Eq. ͑2͒ can be verified to depend on the bias current ͑CCM͒. It increases with bias current for the PTC sensor and decreases for the NTC sensor. This is directly related to sign of electrothermal feedback existing in the sensor operation.
For the CVM, the earlier sensitivity, as derived from Eq. ͑4͒ also depends upon the bias voltage. It increases with bias voltage for the NTC sensor and decreases for the PTC sensor. Again, this is directly related to sign of electrothermal feedback existing in the sensor operation.
C. Response time
The thermal time constant CCM and CVM differ from the intrinsic thermal time constant as defined by intr ϭC/G. It is easy to observe that both CCM and CVM increase for positive electrothermal feedback and decrease in the case of negative electrothermal feedback, due to electrical bias.
D. Sensor drift
It should be noted, however, that the mathematical approach, as outlined earlier, does not explain the experimentally observed slow drift of the output signal or lack of stable steady-state conditions, under certain bias conditions. This consistently observed second order phenomenon, was attributed tentatively to a slow increase of the heat sink temperature T a . It results from both, the limited heat capacity of any real heatsink in a sensor arrangement and lack of control to maintain T a constant. Thermoresistive bolometers, operating at room temperature, commonly are not equipped with an external temperature control, primarily for economic reasons. Hence, under physically realistic conditions, T a in the heat balance Eq. ͑1͒ cannot be taken as a fixed or well defined quantity. However, the variation of T a cannot be accounted for directly. To mathematically treat this problem in an equivalent form, T a can be considered to remain constant and G and C are assumed to vary with sensor temperature T s . The heat transfer from the sensor element, and steady warming up of the surrounding heatsink has been verified recently by finite element calculations for a superconducting membrane based transition edge microsensor. 8 When G and C are considered to be varying with sensor temperature, the determination of T s , I b 2 , and V b 2 at the singularity condition is more difficult. The solution of the heat balance equation would require an iterative procedure. To overcome this problem, Eq. ͑1͒, was solved numerically for two different cases. For case 1, temperature independent thermophysical parameters were assumed. For case 2, experimentally determined temperature independent thermophysical parameters were employed.
The operational characteristics of the NTC and the PTC sensors operating in the CCM and the CVM, as outlined before, are summarized in Table I .
III. THERMOPHYSICAL PARAMETERS
In the study of thermal stability of microbolometers, G and C are usually considered constant. In this investigation an attempt is made to establish a methodology for determining the temperature dependence of these parameters for different sensor configurations.
Two different sensors have been investigated. First, the micromachined sensor, shown in Fig. 1͑a͒ that employs a thin platinum film, deposited onto a SiO 2 membrane. It is designed to operate at room temperature, exhibits a positive TCR of 0.003 48 C Ϫ1 and has a nominal resistance of 15 k⍀. The membrane has been suspended from the surrounding silicon frame with four legs, located across the four corner points. Its intrinsic thermal time constant intr Ϸ1 ms at ambient temperature, in still air. Details on the design and fabrication of the microbolometer are given in Ref. 9 . The second sensor under investigation is a thermistor, fabricated from a semiconducting metaloxide. Its nominal resistance is approximately 5 k⍀, the intrinsic time constant intr Ϸ3.4 s, in still air, and the negative TCR is 0.0448 C Ϫ1 at room temperature. Apart from the limited heat capacity of the surrounding heatsink, accounting for a slow change of its temperature T a with time, in response to the variation of T s , there also exists an intrinsic temperature dependence of the thermophysical sensor parameters. Both, the thermal conductivity and specific heat c p of the sensor material also vary with temperature. Most polycrystalline metals reveal a very small decreases of with temperature at room and higher temperatures exhibiting a maximum at T s ϳ50 K. On the other hand, c p increases as T s 3 at very low T s , and increases approximately linearly at temperatures above the Debye temperature. For details, concerning the thermophysical properties of solids, the reader may refer to Ref. 10 .
The variations of G and C with sensor temperature T s were determined experimentally operating the sensor in the constant power mode ͑CPM͒, i.e., J CVM (t)ϭJ CCM (t) ϭJ 0 ,᭙t, for different levels of Joule power. This was implemented using feedback control, to eliminate the effect of electrothermal feedback. 11 Under this condition, Eq. ͑1͒ becomes G(T s )ϭ(J CVM or J CCM )/(T s ϪT a ), from which values of G for different values of T s are obtained. Eventually, C(T s ) can be determined, using C(T s )ϭ intr G(T s ) and the experimentally obtained intrinsic thermal time constant, by maintaining dynamically the Joule power in the sensor constant. The sensor is initially excited by a current step. 12 The experimentally determined temperature dependence of G(T s ) and C(T s ) of the PTC sensor are 
T s 2 . ͑9͒
The schematic of the electrical circuit used in the experimental tests is outlined in Fig. 1͑b͒ . The electrical circuit is configured in the following way: CCM: R 1 ϭR FIXED and R 2 ϭR s , CVM: R 1 ϭR s and R 2 ϭR FIXED and CPM: R 1 ϭR FIXED and R 2 ϭR s . Note that the resistance of R FIXED does not vary with temperature, and R s represents the thermoresistive device. All the experiments were conducted with a microcomputer based platform, employing a multifunction 12 bit data acquisition card from Advantest Incorporated.
Experimentally determined variations of G and C with sensor temperature T s for a PTC and NTC sensor are displayed in Figs. 2͑a͒-2͑d͒ . Both G and C increase monotonically with sensor temperature for the PTC sensor as shown in Figs. 2͑a͒-2͑b͒ . These findings agree with the results of earlier work on the same device, where a different experimental approach was used for thermal parameter extraction. 13 the NTC sensor, the measured G and C are shown in Figs. 2͑c͒-2͑d͒, and similar temperature dependence of G and C was observed.
IV. STABILITY CRITERION
Based on the aforementioned considerations, concerning the singularities of Eqs. ͑2͒ and ͑4͒, margins and limits of the maximum applicable bias current and voltage most conveniently can be defined, using the safety factor L 0 , together with the singularity conditions of Eqs. ͑2͒ and ͑4͒. For CCM operation I max ϭL 0 ͱG/␤R 0 ͑10͒ and for CVM operation
͑11͒
with the safety factor 0ϽL 0 Ͻ1.
As mentioned before, we are not aware of the existence of a clear rule, regarding the appropriate choice of L 0 in the literature, although, values of 0.3 have been reported for high T c transition edge devices 1,2,14 and 0.5 for a microbolometer fabricated using porous silicon membranes. 15 These devices with positive TCR were operated in the CCM mode, thus implying positive electrothermal feedback.
V. RESULTS AND DISCUSSION

A. Constant current operation
Figures 3͑a͒-3͑f͒ illustrate the numerically determined evolution of T s (t) ͓Eq. ͑1͔͒ for the PTC sensor. CCM biasing causes positive electrothermal feedback, for a step change of 100 W in the incident radiation. In these plots, constant values of G and C have been employed ͑case 1͒. The constant G and C values are 3.25ϫ10
Ϫ5 W/C and 3.4 ϫ10 Ϫ8 J/C, respectively, for the PTC sensor. For the NTC device, the constant G and C values are 0.525ϫ10 Ϫ3 W/C and 1.6ϫ10
Ϫ3 J/C, respectively. Figures 3͑g͒-3͑l͒ present the corresponding simulation results, for temperature dependent G(T s ) and C(T s ) ͑case 2͒. For moderate bias current, T s (t) varies exponentially with time. Above the critical bias current in both the cases, catastrophic thermal runaway is observable. For constant G and C, the runaway phenomenon appears smoothly with an approximately exponential increase for bias current Ͼ774. 5 A, about 1 s after application of the radiation step. The result of numerical solution of Eq. ͑1͒, agrees within 1% with the value calculated using the formula, based on the singularity of T s (t). Assuming constant G and C, the calculated value of the bias current causing runaway would be I max ϭ783 A for R 0 ϭ13 840 ⍀.
For the conditions of case 2, as expected, thermal runaway sets in at a significantly higher bias current of 1530 A ͓see Fig. 3͑k͔͒ . For both the cases, the thermal time constant continuously increases with bias current and approaches ϱ under thermal runaway conditions. The sensor film temperature is much higher for case 1, as compared to that for case 2 for the same bias conditions, and exceeds the melting point of the platinum film at a bias current Ͼ500 A, as illustrated in Fig. 3͑c͒ . This was not verified experimentally. The thermal run away for case 2, as displayed in Fig. 3͑k͒ , occurs at a bias current of 1530 A. The details of this figure, for the time interval of 1-4 ms is shown in Fig. 3͑l͒ . The thermal runaway sets in about 2.5 ms after the application of radiation excitation at tϭ0. The rate of temperature evolution in this case is greater than that in case 1. The melting point of platinum would be reached after about 7 ms. A higher bias current of the order of 1200 A as compared to case 1, can be employed, without detrimental damage to the sensor as   FIG. 3 . Evolution of sensor temperature T s for the PTC sensor at different bias currents and 100 W step incident radiation ͑simulation͒. Figures  3͑a͒-3͑f͒ refer to case 1, with constant  G and C. Figures 3͑g͒-3͑l͒ shown in Fig. 3͑j͒ . The thermal time constant increases about a factor of 6 to ϭ4.638 ms.
In practice, the maximum usable bias current, to maintain stable device operation, should be set at a much lower value. In Fig. 4 the temporal evolution of the sensor temperature in response to a current step in absence of radiation, obtained both experimentally as well as by numerical solution of Eq. ͑1͒, are shown. The simulated and experimental responses are in agreement within 1%. T s (t) increases exponentially with a thermal time constant ϭ1.025 ms in experimental response, and 1.018 ms in the simulated response. The inset of Fig. 4 illustrates the details of the curve around 69 C. For I b Ͼ280 A a steady linear increase, or drift of the platinum film temperature can be observed. T s (t) increases approximately linearly at a rate of about 8 mC/s. Experimentally, it has been observed that the rate of drift increases with bias current.
Sensor stability conditions
The appearance of temperature drift in the output signal can be used, to define the limiting condition for the maximum permitted bias current. Since the thermophysical quantities G(T s ) and C(T s ) commonly are not available without performing extensive experimental sensor characterization, the operational limits are determined from Eq. ͑10͒ and ͑11͒ for constant G and C. In case of the PTC sensor operating in CCM mode, L 0 ϭ280 A/I max ϭ0.35, the upper limit of bias current I max stable may be defined as
for which a stable sensor output signal is maintained. With the NTC sensor operating in the CCM mode there exists negative electrothermal feedback and question of instability in this particular case does not arise. Note that the bolometer can be operated during a short interval of time at higher L 0 ϭ1200 A/I max ϭ1.53, in presence of strong drift, without the risk of catastrophic damage. Explosive device destruction would occur at L 0 ϭ1530 A/I max Ͼ1.95 and thus I max critical Ϸ1.95ͱG/␤R 0 . ͑13͒
B. Constant voltage operation
Figures 5͑a͒-5͑f͒ display the simulated operating characteristics of the NTC sensor in the CVM mode, where T s is plotted as a function of time for fixed constant G and C ͑case 1͒. This is in response to a step change of 1 mW of incident radiation. Positive electrothermal feedback exists also in this case. In Figs. 5͑g͒-5͑l͒ are shown the corresponding characteristics for temperature dependent G(T s ) and C(T s ), referred to as case 2. Note that the R(T s )ϭAe B/T s was used for simulation studies. In either case, catastrophic thermal runaway occurs. For case 1, the explosive thermal runaway phenomenon is triggered for V b Ͼ5.8 V for case 1, 37 s after the application of the radiation step. It happens approximately for V b Ͼ6.8 V in case 2. The sensor temperature T s remains below 100 C in either case. Slow runaway ͓see from the numerical solution of Eq. ͑1͒ as shown in Figs. 5͑e͒-5͑f͒. This difference results from the more accurate numerical solution, which takes into account the exponential R(T s ) characteristics of the NTC material rather than the linear approximation used in the analytical expression ͑3͒ for cases 1 and 2.
Sensor stability conditions
The drift in the NTC sensor temperature also can be used as the limiting criterion for the maximum permitted bias voltage. The limiting bias voltage for stable operation can be extracted from Fig. 6 . At V b ϭ1 V, the temperature drift is experimentally observed to be only approximately 0.1 mC/s as predicted by simulation. As before, a safety factor can be determined in terms of Eq. ͑11͒ as L 0 ϭ1 V/V max ϭ0.11 Unlike the situation for the PTC sensor, operating in the CCM, in this case T s consistently remains much below the melting temperature of the semiconducting metal oxides, used as the NTC sensor material. Under the conditions of negative feedback, existing in the CVM operation with the PTC sensor, the operation is unconditionally stable and the time constant decreases with increasing bias voltage. Figure 7 illustrates the experimentally obtained and simulated dynamic characteristics of the thermal runaway phenomenon for the NTC sensor. Radiation excitation was electrically simulated, by applying a voltage step of 1 V, added to a constant bias voltage of 6 V, representing approximately 0.15 mW of radiation power. For simulation studies we used the set of parameters corresponding to case 2 of Fig.  5͑l͒ . Experimental and simulated data agree within a tolerance of a few percent. This confirms the quality of the proposed model for describing the temperature dependence of G and C parameters. T s increases exponentially with time and the saturation of the amplifier output ͓see Fig. 1͑b͔͒ limits the sensor temperature reading to 95 C. The thermal runaway manifests approximately 10 s after the application of the electrically simulated radiation power. If the radiation power is reduced to 0.07 mW the delay for onset of thermal runaway is significantly increased to approximately 60 s. It is evident from the data that the closer the bias voltage is to the theoretical maximum voltage, earlier the thermal runaway occurs. Table II lists the values of critical biasing conditions and associated L 0 values for different operational behaviors. As shown by the present data, the safety factor L 0 for stable device operation needs to be chosen for both the PTC and NTC type thermoresistive sensors to be Ӷ0.5. The safety margin is about a factor of 3 lower for the NTC type sensor.
Most likely, this is related to the difference in thermal capacities of the heat sinks of the two sensors under investigation. For microsensors with membrane type heat sensing elements, the thermal capacity C HS of the effective heatsink, largely exceeds the heat capacity of the heat sensing membrane C DET , and the ratio C HS /C DET is commonlyу10 4 . This ratio is much smaller for the NTC sensor, where only the leads for electrical connection form the heat sink. Values of L 0 as low as 0.1 for stable operation were also observed experimentally for the widely used, and commercially available composite Pt 100 sensor with PTC characteristics, which features a similar design as the NTC sensor under study. The study shows that the relations defining sensor instability can be used to define the operational limits, provided the appropriate safety margins as given by the safety factor L 0 are used.
There possibly exist other physical phenomena, associated with the positive electrothermal feedback. Examples are the occurrence of dielectric breakdown in high voltage insulators, voltage breakdown in the gate dielectrics of field effect transistors, the varistor operation, and electrothermal breakdown in gas discharges. Eventually, positive electrothermal feedback can be used to electrically trigger fast optical limiters, relying on the first order martensitic phase transition in metal oxides. 5 Solid insulators typically display a weak NTC characteristics. However, besides the thermal FIG. 7 . Onset of thermal runaway for NTC sensor for a step of 1 V on the top of 6 V. Calculated data are displayed in broken line. Output signal clamping is due to amplifier saturation. breakdown, the dielectric breakdown phenomenon involves several other mechanisms: hot carrier injection from the metal electrodes at very high electric fields by tunneling, carrier injection by detrapping of charge carriers from deep trap states in the volume of the samples, and current runaway by carrier multiplication through electron-hole pair generation through field acceleration of free carriers in the volume of the sample. 16 The influence of thermal runaway on voltage breakdown in gate dielectrics is presently under investigation.
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